We report the observation of a pair of sharp zero-phonon lines in MgO:Mn 2ϩ nanocrystals, which appear simultaneously in photoluminescence. We suggest a reason why these lines have not yet been observed in the system in question even in the bulk material, but appear in nanocrystals synthesized by combustion. The easiness of the excitation of extremely sharp zero-phonon lines makes our finding attractive for optical nanodevice applications.
I. INTRODUCTION
Over several decades, the study of crystalline lattice defects has derived a considerable impetus from the need to understand the control exerted by defects on most technologically important properties of solids. Among different types of structures investigated, MgO is in the forefront of research. Having the simplest ͑rock-salt͒ lattice structure and the large energy gap MgO is a suitable ground to test theoretical models describing properties of defects and to compare their prediction with experimental results. One of keyrole defects being studied in MgO crystals is Mn 2ϩ , [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] which substitutes magnesium in octahedral sites. The interest for MgO:Mn 2ϩ structure is caused by both the easiness of preparation of this valence state of the manganese ion in MgO host and the clear way of its theoretical description. However, despite the long history of studies, there has been no direct observation of an excited state of Mn 2ϩ ion in MgO whose energy is a subject of theoretical debates. 9, 10 Note that the excited states of Mn 2ϩ in octahedral sites in some different matrices [13] [14] [15] [16] [17] as well as the states of Mn 4ϩ in MgO ͑Refs. 18 -20͒ are known to produce sharp zerophonon lines ͑ZPL's͒. In the present paper we report the observation of ZPL's originating from electron transitions of Mn 2ϩ ion in MgO matrix. These lines were observed in macroscopic photoluminescence ͑PL͒ from nanocrystals synthesized by combustion. To our best knowledge this is the first observation of extremely sharp emission lines from nanocrystals. The simultaneous appearance of a pair of zerophonon lines in PL from transition-metal defects as in our system has not yet been reported as well. The values of energies of observed lines allow one to choose the crystal-field strength in MgO, magnitude of which is one of the main parameters being used in the theoretical modeling.
II. EXPERIMENT
The nanocrystals of MgO were synthesized by burning out Mg particles in air as described elsewhere. 21, 22 We used Mg particles ͑Alfa Aesar͒ with size about 2-4 mm and nominal purity of 99.98%. Actually, the purity of Mg in use ͓that was checked with the inductively coupled plasma analysis͔ was higher and the main impurity was Mn with a content of 12.8 ppmw. The MgO nanocrystals obtained after Mg particle burning were also checked with ICP to show Mn content of 2.3 ppmw. The close value ͑about 3 ppmw͒ was derived from electron-spin-resonance ͑ESR͒ spectra ͑see below͒. No other impurity was found in MgO. The synthesized MgO particles look perfect cubes ͓see Fig. 1͑a͔͒ with the average size about 30 nm. In the same figure the electrondiffraction pattern of the particles is presented. The electrondiffraction ring pattern simulation performed for MgO fits the experimental results demonstrating a good crystallinity of particles. X-ray-diffraction analysis also confirms it. In order to check the valence state of Mn ion in MgO particles we carried out ESR measurements at X band. We found the sextet ͓see Fig. 1͑b͔͒ with parameters gϭ2.0016 and ͉A͉ϭ81 ϫ10 Ϫ4 cm Ϫ1 corresponding to MgO:Mn 2ϩ system 1 at both measurement temperatures ͑77 K and 300 K͒. The peak-topeak width of components at microwave power below the ESR saturation was about 0.5 G. The narrowness of the ESR peaks together with the sextet parameters give evidence that all Mn 2ϩ ions occupy cubic sites in our MgO particles. In order to measure PL MgO nanopowder was pressed into pellets. The cryostat allowed us to cool samples down to about 10 K. PL was excited by continuous-wave ͑cw͒ He-Cd ( exc ϭ325 nm) and Ar-ion ( exc ϭ514.5 nm) lasers for cw PL measurements, and by pulsed Nd:YAG ͑yttrium aluminum garnet͒ laser ( exc ϭ266 nm) for time-resolved photoluminescence ͑TRPL͒ measurements. The 150-W xenon lamp with a scanning monochromator was used in order to obtain photoluminescence excitation ͑PLE͒ spectra. In all the cases the excitation density did not exceed of 1 W/cm 2 . At the PL yield measurements the incident laser intensity was changed with metallic neutral density filters. The spectra were detected with a 0.85-m double monochromator ͑SPEX 1403͒ equipped with a R943-02 GaAs photomultiplier tube ͑for cw PL and PLE measurements͒ and with a 0.5-m spectrometer ͑Acton Research͒ equipped with an intensified photodiode array ͑1024 pixels͒ detector ͑TRPL measurements͒.
III. RESULTS AND DISCUSSION
The typical cw PL spectra measured at 10 K are shown in Fig. 2͑a͒ . Two sharp ZPL's are clearly seen. At 10 K the first line peaking at 659.23 nm has a full width at half maximum ͑FWHM͒ of 0.7 Å and the second one peaking at 735.45 nm has a FWHM of 1.9 Å. Note that unlike quantum dots ͑QD's͒ which exhibit sharp lines only in microscopic PL ͑Ref. 23͒ ͑in the case when emission from an individual QD is distinguished͒, our particles emit sharp lines in macroscopic PL ͑when emission from all particles come to the detector͒. As one can see the second ZPL ͑the 735-nm ZPL͒ is accompanied with conventional phonon replicas, 24, 25 while the first ZPL ͑the 659-nm ZPL͒ does not produce these replicas. The temperature evolution of ZPL's is shown in Figs. 2͑b͒ and ͑c͒. The intensity of the found ZPL's strongly depends on the measurement temperature showing a temperature quenching. The line intensities vs temperature are given in Fig. 3͑a͒ . The function 1/͓1ϩK exp(ϪE A /T)͔ demonstrates a good fit to the experimental points. The activation energy E A is of 360 K for the 659-nm ZPL and of 460 K for the 735-nm ZPL. The PL yield that is a dependence of ZPL intensity I upon the incident laser power P is shown in Fig.  3͑b͒ . It exhibits Iϰ P n law with nϷ1 ͑one-photon excitation͒. This dependence was observed for both the cw excitation and the pulsed one.
The typical spectra measured at 10 K with the 5-sec gate at different delay times after the Nd:YAG laser excitation are shown in Fig. 4 . The ZPL's broadness is caused by the low spectral resolution of the spectrometer enabling to FIG. 2 . cw PL spectra. ͑a͒ PL spectra excited by different lasers at 10 K. Two sharp ZPL's are clearly distinguished. ͑b,c͒ Temperature evolution of the 659-nm ZPL and the 735-nm ZPL, respectively. The spectra are offset. Measurements were done under the Ar-ion laser excitation. measure TRPL at a wide region. All the spectra demonstrate similar features that correspond to the similar decay of the ZPL's and the continuous background. The decays of background luminescence at different wavelengths replotted from the TRPL spectra are shown in Fig. 5 . Figure 6 demonstrates the luminescence decay of the ZPL's. As one can see both the background and the ZPL's show the characteristic luminescence decay time of 0.1 msec, though the background also experiences an initial fast decay.
In order to obtain the bare PLE spectra of the ZPL's we took the PLE spectra for emission exactly at the ZPL's wavelengths and at the wavelengths shifted from the ZPL's on 1-2 nm. The PLE spectrum at the wavelength close ͑but not coinciding͒ to a ZPL can be considered as the PLE spectrum of the background at the ZPL wavelength. Then the difference between the PLE spectra at the ZPL's wavelength and at those close to the ZPL's gives the bare PLE spectra of the ZPL's. These bare PLE spectra of the ZPL's obtained at 10 K are shown in Fig. 7 . Note that the relatively high noise in the PLE spectra is caused by the weakness of PL under the scanned xenon lamp excitation. Nevertheless, the similarity of the bare PLE spectra of both ZPL's can be concluded. The PLE spectra show that ZPL's can be excited in a wide energy range. The latter corresponds to the ZPL's observation under excitation with different lasers covering a broad range ͑laser wavelengths of 266 nm, 325 nm, and 514.5 nm͒. At room temperature no bare PLE spectra were found.
Let us analyze the experimental results. The ZPL's come from a forbidden electric dipole transition. This is typical for transition-metal ions. 24, 25 Based on the result of ESR measurements the transition-metal ion in our case is Mn 2ϩ in MgO matrix. For such a Mn 2ϩ ion in an octahedral environment other than MgO only one ZPL in luminescence is usually observed. Such ZPL corresponds to the transition from the lowest excited 4 T 1 ( 4 G) state to the ground 6 A 1 ( 6 S) state. Other excited states decay by the nonradiative relaxation dropping onto the lowest excited state and PL from all excited states except the lowest one is suppressed. 24 The appearance of two ZPL's in our system indicates that there is an excited state, which does not decay by the nonradiative transition. It may be possible if this state is weakly coupled with phonons. Then a lack of phonon replicas for the 659-nm ZPL becomes clear. At the same time the 4 T 1 ( 4 G)-6 A 1 ( 6 S) transition is characterized by a large value of the Huang-Rhys parameter 24, 25 giving the pronounced phonon replicas of the 735-nm ZPL. In order to confirm that both ZPL's observed in the PL really belong to Mn we additionally measured PL from nanocrystals with different Mn content. Such nanocrystals were produced by burning out Mg particles at the presence of Mn-containing salt (MnCl 2 ). For all impurity levels checked ͑up to a few hundred ppmw͒ intensities of both ZPL's increased with the Mn content increase. The ratio of intensities remained constant, which allows one to claim that the same center of impurity is responsible for the found ZPL's. Also we produced MgO The absence of Cr 3ϩ -originating lines in MgO nanocrystals different from those in the bulk matrix confirms the absence of the specific nanocrystal sites occupied by substituted ions, existence of which might be brought into question in order to explain the origin of ZPL's in the MgO:Mn 2ϩ system. The latter shows that the finite size of our MgO nanocrystals does not affect the energy levels of a substituted ion.
We have to emphasize that despite many years of MgO:Mn 2ϩ study, ZPL's have not been reported previously even for bulk neither in emission nor in absorption. Then the exact values of energy levels of Mn 2ϩ ion in octahedral sites of MgO have not been known for such ͑probably the simplest͒ transition ion crystalline matrix system.
Let us assign the 659-nm ZPL for a transition by using the Tanabe-Sugano diagram for the 3d 5 system. 28, 29 As we noted before the 735 ZPL undoubtedly comes from the
The energy of this transition corresponds to Dq/B ϳ1.5, where Dq is the crystal-field strength and B is the Racah parameter. Note that such a large value of Dq/B corresponds to latest calculations. 11 At so high a value of Dq/B the next state 4 T 2 ( 4 G) coming from splitting of the 4 G term in the crystal field lies at about 5000 cm Ϫ1 higher than the 4 T 1 ( 4 G) state. Since the energy difference between 4 T 2 ( 4 G) and 4 T 1 ( 4 G) states is more than three times larger compared to the distance between two observed ZPL's, the 659 nm ZPL cannot come from the 4 T 2 ( 4 G)-6 A 1 ( 6 S) transition. At the same time the large energy separation between two ZPL's observed ͑about 1500 cm Ϫ1 ) does not allow one to assign the 659-nm ZPL for the T 1 ( 4 G)-6 A 1 ( 6 S) transition of Mn 2ϩ ion in a site other than the octahedral one as far as the 735-nm ZPL is assigned to the T 1 ( 4 G)-6 A 1 ( 6 S) transition of Mn 2ϩ ion in the octahedral site. However, at Dq/B ϳ1.5 a state coming from splitting of the 2 I term appears within the needed energy region and matches observation. We claim that just the transition from this state to the ground 6 A 1 ( 6 S) state gives the 659-nm ZPL. Then, because states from different electron terms are responsible for two observed ZPL's two essentially different Huang-Rhys parameters may correspond to the transitions. It leads to the absence of phonon replicas for the 659-nm ZPL ͑which is likely weakly coupled with phonons͒ and the existence of them for the 735-nm ZPL. Note that the idea similar to ours, which uses 2 I term in order to match the experimental data to the Tanabe-Sugano diagram was previously applied to ZnS:Mn 2ϩ system. 13 The authors 13 also discussed how so strongly forbidden free-ion transition between the ground state 6 S and the 2 I level becomes allowed in the presence of the crystalline field. Note once again that although the above idea utilizing 2 I term in order to explain the origin of the 659-nm ZPL looks unconventional, it is the only way to explain so unforeseen a fact as an appearance of the second ZPL originating from the same transition ion in the matrix ͑which to our best knowledge has not been observed previously͒. As one can see in Fig. 6 both ZPL's exhibit a similar luminescence time decay. It seems to be difficult to explain how the lines arising from different spin manifolds can have the same lifetimes. Even transitions originating from the same level of ions occupying different sites should have different lifetimes. Then we have to conclude that the luminescence decay shown in Fig. 6 has nothing to do with the pure radiative lifetimes of emitting states ͑which can be sufficiently short in nanocrystals 30, 31 ͒ and the luminescence decay time likely corresponds to the time decay of states exciting ZPL's. If the ZPL's are excited from the same states ͑see below͒, then the similarity of the time decay for both ZPL's becomes clear. The decay of background luminescence similar to the ZPL's decay ͑see Figs. 4-6͒ gives an evidence that the long-time background luminescence is excited by the same mechanism as the ZPL's are ͑from the same states͒. Note that the fast decaying part of the background luminescence ͑lying beyond the present work͒ may be attributed to the luminescence of F centers. 32 The next question that should be discussed is why ZPL's found in the present paper have not been observed previously, despite numerous studies of the MgO PL. The answer to this question is important in order to understand our finding. Note that ZPL's originating from Mn 2ϩ transitions in cubic crystalline field were seen before only in PL of narrowband materials. The thermal quenching and the PL yield observed in the present paper for ZPL's are similar to those for the PL, when the emitting states are excited from some close electron states. For such a wide-gap substance as is MgO these states should lie deep inside the forbidden band and therefore cannot exist in ordinary MgO crystals. Then the energy transfer between the environment and excited states of Mn 2ϩ ion does not occur making the Mn 2ϩ ion excitation impossible. It explains why in usual MgO crystals ZPL's were not observed. Note that if nanoparticles are generated by vapor condensation during combustion, a high concentration of structural defects in particle substance takes place. 33, 34 It appears due to the fast rate of particle formation and exhibits itself via anomalously high light absorption found in our recent studies of wide-gap nanooxides. 21, 22, 33, 34 Just the presence of these defects, which is a distinctive feature of particles synthesized by combustion, leads to the existence of states deep inside the forbidden band and to the possibility to excite a Mn 2ϩ ion in MgO matrix and therefore to the appearance of the Mn 2ϩ -originating ZPL's in PL. This idea of the ZPL's excitation corresponds to the observed similarity of the PLE spectra ͑see Fig. 7͒, which give the information about the density of states exciting the ZPL's. It should be added that the easiness of the excitation of the Cr 3ϩ -originating ZPL's even in bulk is related to a specific charge state of the Cr 3ϩ ion which itself is a defect in the MgO matrix.
The present paper demonstrates that combustion nanooxides give way to excite perfect ZPL's from them unlike nanocrystals synthesized in another way. 35 We believe that the combustion nanocrystals can be utilized in optical nanodevices due to extraordinary discreteness of the system energy levels with the performance better than that of QD's.
